Members of the tumour necrosis factor superfamily play an essential role in inducing various biological responses including proliferation, differentiation, survival and cell death. A proliferation-inducing ligand (APRIL), first identified as a stimulant of tumour proliferation, is now known as a regulator of B-cell-mediated immune responses through the modulation of B-cell survival and activation. However, the role of APRIL in macrophage function has not been explored. High level expression of APRIL was detected on the surface of cells of the monocytic lineage including the human macrophage-like cell line, THP-1. To identify the role of APRIL in macrophage functions, THP-1 cells were stimulated with either its counterpart (TACI : Fc fusion protein) or a monoclonal antibody that is specific to APRIL. Stimulation of APRIL resulted in the expression of pro-inflammatory mediators such as interleukin-8 and matrix metalloproteinase-9 through the activation of mitogen-activated protein kinase and nuclear factor-jB. In contrast, stimulation of APRIL had an inhibitory effect on processes that require cytoskeletal movement such as phagocytosis of opsonized zymosan and chemotaxis through an inhibition of phosphatidylinositol 3-kinase activity. These observations demonstrate that macrophages express a membrane-bound form of APRIL which, upon stimulation, modulates the activities of macrophages through stimulation or inhibition of processes associated with inflammation.
Introduction APRIL (A PRoliferation-Inducing Ligand) is a type II membrane protein with a cytoplasmic region of 28 amino acids, a transmembrane domain and a 201-residue extracellular domain consisting of a stalk and a tumour necrosis factor (TNF) domain. [1] [2] [3] As a member of the TNF superfamily (TNFSF), APRIL (TNFSF13) is most closely related to BAFF (the B-cell activation factor of the TNF family, TALL-1, THANK, BlyS, TNFSF13b, zTNF-4), sharing $ 30% sequence identity in the TNF domain. 4 Both APRIL and BAFF are expressed by vari- ous cell types including myeloid cells (monocytes, macrophages, neutrophils and dendritic cells), stromal cells within lymphoid organs and osteoclasts. [5] [6] [7] [8] Experiments using transgenic and null mice for APRIL and BAFF revealed the essential role of these molecules in B-cell survival, T-cell co-stimulation, autoimmune diseases and cancer. 4, [6] [7] [8] These activities of APRIL and BAFF are mediated by their interaction with appropriate receptors. BAFF and APRIL share two receptors, TACI [transmembrane activator and CAML (a calcium-modulating cyclophilin ligand) interactor] and BCMA (B-cell maturation antigen), while BAFF-R (BAFF receptor, BR3) is recognized only by BAFF. 6, 8 These receptors are found mainly in B cells and plasma cells, but also occur in some subsets of T cells.
Using HEK293 cells expressing exogenous APRIL, it has been shown that APRIL is secreted as approximately 63 000 molecular weight non-covalent trimers through the action of furin convertase, which cleaves APRIL at its multibasic extracellular region. 9 Since the cleavage reaction occurs intracellularly at the Golgi apparatus, it was thought that APRIL is not usually expressed on the cell surface. In contrast, macrophage has been known to express most members of both the TNF superfamily and their receptors on their cell surface. [10] [11] [12] [13] To investigate the role of APRIL in macrophage functions, the expression pattern of APRIL was tested in human monocytic cell lines. Unexpectedly, these cells were found to express high levels of APRIL on the cell surface. The role of APRIL was then tested in the macrophage-like cell line, THP-1, with respect to the functions associated with inflammatory processes.
Materials and methods

Monoclonal antibodies and reagents
The monoclonal antibodies (mAbs) for human APRIL (clone ab16088) was purchased from Abcam (Cambridge, MA); mAb for hTACI (165609) was obtained from R&D Systems (Minneapolis, MN); fusion protein containing an extracellular domain of hTACI and the Fc portion of human immunoglobulin G (IgG) (TACI : Fc) came from Alexis (San Diego, CA); PD08059 and U0126 originated from Cell Signaling (Danvers, MA); human IgG, SB203580, and LY294002 were obtained from Calbiochem International Inc. (La Jolla, CA); and phorbol 12-myristate 13-acetate (PMA), N-tosyl-L-phenylalanine chloromethyl ketone (TPCK), ethyl pyruvate, sulfasalazine and fibronectin were purchased from Sigma (St Louis, MO). Polyclonal antibody for big-h3 was raised by the immunization of rabbits with recombinant big-h3. 14 The human monocytic leukaemia cell lines (THP-1, U937 and TF-1A) were obtained from the American Type Culture Collection (Rockville, MD).
Small interfering RNA transfection
BAFF, APRIL, BCMA, TACI-specific small interfering (si) RNAs (pool of four siRNAs for each gene, designed by manufacturer) and control siRNA (random base sequence with no known specificity to human genes) were purchased from Dharmacon Inc. (Lafayette, CO). For transfection, THP-1 cells (5 · 10 3 /well in six-well plates) were incubated overnight in normal growth medium (RPMI-1640 supplemented with 10% fetal bovine serum and antibiotics) before being pelleted. Transfection solution was prepared by mixing 35 ll serum-free RPMI-1640 containing 1 lM siRNA with 35 ll of serum-free RPMI-1640 containing 25-fold dilution of DharmaFECT (Dharmacon Inc.). The transfection solution was then mixed with 350 ll of growth medium without antibiotics and used to resuspend the cell pellet. The mixture containing THP-1 cells and transfection solution was then added back into six-well plates and 2 ml of growth medium/well was added for long-term culture, during which more growth medium was added as required up to 7-10 days. Down-regulation of cell surface BAFF, APRIL, TACI and BCMA was measured at 3, 5 and 10 days after transfection. The expression levels start to decrease by 3 days and complete elimination of the expression was achieved by 5-10 days.
Reverse transcription-polymerase chain reaction
Five micrograms of total RNAs isolated from cells were treated with RNase-free DNase (BD-Pharmingen, San Jose, CA), and then used to generate first-strand complementary DNAs using the RevertAidÔ first-strand cDNA synthesis kit with 500 ng oligo-dT (12-18 mer) primers. Polymerase chain reaction (PCR) primers were designed with ABI PRISM PRIMER EXPRESS 2.0 (Applied Biosystems, Foster City, CA) and made by Geno Tech Corp (Daejeon, Korea). Primer sequences were 5 0 -AGA AGA AGC AGC ACT CTG TC-3 0 (forward) and 5 0 -CCA TGT GGA GAG AGG TTA AG-3 0 (reverse) for APRIL, 5 0 -GGT CCA GAA GAA ACA GTC AC-3 0 (forward) and 5 0 -GGA GTT CAT CTC CTT CTT CC-3 0 (reverse) for BAFF, and 5 0 -TGG GCT ACA CTG AGC ACC AG-3 0 (forward) and 5 0 -GGG TGT CGC TGT TGA AGT CA-3 0 (reverse) for glyceraldehyde 3-phosphate dehydrogenase. The PCR products were run on 2% agarose gel to confirm their size and purity.
Gelatin zymogram, enzyme-linked immunosorbent assay and Western blot analysis
The cells were activated by adding antibodies and fusion proteins to the medium containing 1 · 10 6 /ml THP-1 cells in RPMI-1640 supplemented with 0Á1% fetal bovine serum. The culture supernatants were collected 24 hr after activation and the gelatin zymogram analyses and enzyme-linked immunosorbent assay were performed as described previously. 15, 16 Cell lysates were obtained at various time-points after activation and Western blot analysis was performed as described previously. 17, 18 Phagocytosis assay and flow cytometry Zymosan opsonization and phagocytic activity were measured as previously described. 11 The percentage of cells associated with zymosan was measured using flow cytometry analysis, which was performed using FACScalibur (Becton-Dickinson, Mountain View, CA). For the flow cytometric analysis of cell surface antigens, cells (5 · 10 5 ) were pelleted and incubated with 0Á3 lg fluorescencelabelled primary or secondary antibodies in 30 ll FACS solution (a phosphate-buffered saline containing 0Á5% bovine serum albumin and 0Á01% sodium azide) for 20 min on ice. For background fluorescence, the cells were stained with an isotype-matching control antibody. The fluorescence profiles of 2 · 10 4 cells were collected and analysed.
Transmigration assay
Migration of cells was assessed in a 48-well microchamber (Neuroprobe, Cabin John, MD) as described previously. 19 Briefly, the lower wells were filled with 27 ll RPMI-1640 (supplemented with 0Á1% serum) containing chemoattractant and the upper wells were filled with 50 ll of cells at a concentration of 1 · 10 6 cells/ml. The two compartments were separated by a gelatin-coated polyvinylpyrrolidonefree filter (Nucleopore, Neuro Probe Inc., Gaithersburg, MD) with 5-lm pores. After incubation for 12 hr at 37°, the number of cells that had migrated into the lower wells was counted with a haemocytometer. The experiments were performed on quadruplicate samples.
Results and discussion
Expression of APRIL was detected on the surface of human monocyte/macrophage cell lines APRIL has been known to be expressed by cells of the myeloid lineage including macrophages. [5] [6] [7] [8] As most members of TNFSF are expressed on the cell surface as a membrane protein, the expression of APRIL on the cell surface of various monocytic cell lines was tested with an APRIL-specific mAb. Flow cytometry analysis detected the expression of APRIL on the surface of THP-1 cells (Fig. 1a) , a human macrophage-like cell line, and U937 (Fig. 1b) , a human monocytic cell line. However, the expression of APRIL was not detected in another monocytic cell line, TF-1A. Since TF-1A represents a relatively undifferentiated cell type, the cells were treated with PMA, which is known to induce macrophage differentiation. 20 The expression of APRIL was induced in TF-1A cells after 2 days of PMA treatment (Fig. 1c) . These data indicate that APRIL expression can be induced during macrophage differentiation and APRIL can be expressed on the surface of various cells that have macrophage-like properties. To confirm that the molecule detected by the anti-APRIL mAb in THP-1 cell was APRIL, the siRNA approach was used. THP-1 cells were separately transfected with either control siRNA or with siRNAs specific for APRIL or BAFF. Reverse transcription-PCR analysis detected a dramatic decrease in APRIL or BAFF messenger RNA in cells transfected with siRNAs specific for APRIL or BAFF, respectively (Fig. 1d) . Flow cytometric analysis confirmed that cells transfected with APRIL-specific siRNA were not stained with anti-APRIL mAb whereas the expression of BAFF was unaffected (Fig. 1d) . Likewise, cells transfected with BAFF-specific siRNA were stained with anti-APRIL mAb, but not with anti-BAFF mAb. The data demonstrating the expression of APRIL on the cell surface are in contrast with a previously reported observation that demonstrated the cleavage of APRIL in Golgi apparatus before its appearance on the cell membrane. 9 Those observations were made on HEK293T cells, which were transfected with APRIL expression construct, so they may represent an artificial situation. APRIL expression levels were unchanged in THP-1 cells even after stimulation of THP-1 cells with lipopolysaccharide or PMA (data not shown). Furthermore, APRIL expression levels increased in TF-1A cells after PMA treatment. This indicates that APRIL, in at least certain macrophagelike cell lines, remain to be expressed on the cell surface even after activation.
Stimulation of cell surface APRIL induces the expression of pro-inflammatory mediators through activation of mitogen-activated protein kinase and nuclear factor-jB Members of the TNFSF are normally expressed on the cell surface of macrophages. 10, 15, [21] [22] [23] These membrane-bound ligands tend to induce an activation signal when they interact with their cognate counterparts. The signalling through members of the ligand part of the TNFSF has been reported in TRANCE (TNFSF11), 24 CD30L (TNFSF8), 25 FasL (TNFSF6), 26 TRAIL (TNFSF10) 27 and BAFF. 11 The observation showing the expression of APRIL on the surface of macrophage-like cells and the up-regulation of its expression levels by PMA-mediated macrophage differentiation raise the possibility that stimulation of APRIL may also generate signalling and regulate macrophage activities.
To analyse the role of APRIL in the function of macrophages, THP-1 cells were stimulated with a recombinant protein containing an extracellular portion of TACI fused to an Fc portion of human IgG. Stimulation of THP-1 cells with TACI : Fc fusion protein, but not with human IgG, resulted in the induction of pro-inflammatory mediators such as interleukin-8 (IL-8) and matrix metalloproteinase 9 (MMP-9; Fig. 2a,b) . Since TACI can interact with both APRIL and BAFF, THP-1 cells were then stimulated with APRIL-specific mAbs. As shown in Fig. 2(a,b) , anti-APRIL mAb induced the expression of IL-8 and MMP-9. To demonstrate that these responses are the result of the specific interaction between APRIL and anti-APRIL mAb, siRNAtransfected cell were tested. As shown in Fig. 2(c) , cells transfected with siAPRIL responded to anti-BAFF mAb but treatment with anti-APRIL mAb failed to induce the production of IL-8 ( Fig. 2c) and MMP-9 (Fig. 2d) . In contrast, siBAFF-transfected cells responded to only anti-APRIL mAb. These data indicate that a specific stimulation of APRIL can induce an activation signal in THP-1 cells.
The expression of cytokines and MMP-9 in macrophages requires the activation of various signalling molecules such as mitogen-activated protein kinases (MAPKs) and nuclear factor-jB (NF-jB). In the case of BAFF-mediated activation, the involvement of extracellular signal-regulated kinase (ERK) MAPK and NF-jB, but not p38 and Jun N-terminal kniase (JNK) MAPK, has been demonstrated. 11 To identify the MAPKs that mediate APRILinduced signalling events, THP-1 cells were stimulated with an anti-APRIL mAb in the presence of U0126, SB203580 and JNK-I for the specific inhibition of ERK, p38 and JNK, respectively. APRIL-mediated induction of IL-8 ( Fig. 3a) and MMP-9 (data not shown) was blocked by all these inhibitors. This is in sharp contrast to BAFFmediated signalling, which was inhibited by inhibitors for ERK but not with specific inhibitors for p38 and JNK.
Nuclear factor-jB is the major transcription factor that is induced during inflammatory activation of many cell types. To test the involvement of NF-jB in the APRILmediated signalling pathway, cellular stimulation was performed in the presence of NF-jB-specific inhibitors such as TPCK, 28 ethyl pyruvate 29 and sulfasalazine. 30 APRILinduced expression of IL-8 ( Fig. 3b) and MMP-9 (data not shown) was dose-dependently inhibited by these inhibitors. These results indicate that the signalling pathway induced by APRIL is mediated by all three MAPKs and NF-jB.
Both TACI and BCMA, as receptors for BAFF and APRIL, are known to induce survival signals in B cells. 4 THP-1 cells express both BCMA and TACI (Fig. 4a) . To demonstrate that APRIL-mediated activation of THP-1 does not require the action of these receptors, THP-1 cells lacking both TACI and BCMA were generated using specific siRNAs. Co-transfection of THP-1 cells with TACIand BCMA-specific siRNAs completely eliminated the expression of both TACI and BCMA but the expression levels of APRIL were not affected (Fig. 4a) . When these cells were stimulated with anti-APRIL mAb, the expression of both MMP-9 and IL-8 was induced at levels comparable to those induced by lipopolysaccharide. Treatment with TACI : Fc also induced MMP-9 and IL-8 expression and these responses were blocked by treatment with anti-TACI mAb, indicating that that the interaction was specific (Fig. 4b) .
Stimulation of APRIL leads to the inhibition of cytoskeletal movement associated with phagocytosis and chemotaxis through inhibition of phosphatidyl inositol 3-kinase activity During inflammatory processes, macrophages perform various activities along with the production of proinflammatory mediators. These include phagocytosis of foreign molecules and migration toward chemoattractive substances. BAFF-mediated signalling suppressed processes associated with cytoskeletal movement such as phagocytic activity and transmigration. 21 To determine whether APRIL-mediated signalling has similar effects, THP-1 cells were stimulated with anti-APRIL mAb and then incubated with fluorescence-labelled opsonizedzymosan. Interestingly, treatment of the cells with anti-A-PRIL mAb suppressed phagocytosis of opsonized zymosan by 61 ± 3Á5% with statistical significance (Fig. 5a,b) . Immunofluorescence analysis of fluorescence-labelled zymosan further indicated that zymosan particles tended to stay adhered to cells without being internalized (data not shown). As phagocytosis requires cytoskeletal movements, it is possible that APRIL-mediated signalling somehow affects cytoskeletal movement associated with phagocytosis. To confirm this possibility, migration assay was performed in cells stimulated with anti-APRIL mAb.
As shown in Fig. 5(c) , treatment with the anti-APRIL mAb dose-dependently blocked the migration of THP-1 cells toward fibronectin. Fibronectin was used as a chemoattractant because it is produced during tissue injury and has chemotactic activity for leucocytes. [31] [32] [33] [34] Zymosan that has been opsonized by immunoglobulins stimulates FcR and its downstream mediators on the surface of macrophages. To find out the signalling adapter that was affected by APRIL, the activation status of phosphatidylinositol 3-kinase (PI3K) was tested. PI3K/AKT has been known to be required for the pseudopod extension and closure of the phagosome 35 . Phosphorylation of AKT, which was induced by the treatment with opsonized zymosan, was blocked by the presence of anti-APRIL mAb, but not with mouse IgG (Fig. 5d) . Furthermore, the treatment of 3 or 30 lM of LY294002 as a specific inhibitor of PI3K resulted in the inhibition of phagocytosis by 11Á6 and 20Á4%, respectively. This confirms the essential role of the PI3K/AKT pathway in the phagocytosis of opsonized zymosan. These results indicate that the APRIL-mediated inhibition of PI3K activity is responsible, at least partially, for the inhibition of phagocytosis.
These data indicate that the stimulation of APRIL with its counterparts (either soluble or cell membrane-bound form) can regulate the inflammatory activities of macrophages. Stimulation of APRIL-expressing macrophages through cell-to-cell interaction with the receptor-expressing cells may stimulate the inflammatory activation of these cells as well as modulation of their phagocytic activity. In reverse, either membrane-bound or soluble forms of APRIL can activate the macrophage activation through conventional receptor-mediated signalling pathways. Induction of two-way activation pathways (one through APRIL and the other through its counterparts) via interaction between APRIL and its counterparts is expected to contribute to the inflammatory responses associated with normal immune responses or pathological conditions. Various cytokines and pro-inflammatory mediators are known to be associated with chronic inflammatory diseases such as atherosclerosis. APRIL and its counterparts, in addition to those agents, is expected to enhance the inflammatory responses in macrophages and contribute to the pathogenesis of those diseases. To identify the importance of this signalling in the modulation of immune responses, further research is required in animal models and clinical settings.
